We have analyzed GaAs, Cu, CdTe, and CdZnTe crystals as possible optical elements for hard x-ray lenses for x-ray astronomy. We used high resolution x-ray diffraction at 8keV in Bragg geometry and Laue transmission diffraction at synchrotron at energies up to 500 keV. A good agreement was found between the mosaicity evaluated in Bragg diffraction geometry with x-ray penetration of the order of few tens micrometers and in Laue transmission geometry at synchrotron. All the analyzed crystals showed mosaicity values in a range between a few to 150 arcseconds and suitable for the application. Nevertheless -CdTe and CdZnTe crystals exhibit non-uniformity due to the presence of low angle grain boundaries; -Cu crystals exhibit mosaicity of the order of several arcminutes; they indeed suffer by a severe cutting damage that had to be removed with a very deep etching. The FWHM was also rapidly decreasing with the x-ray energy showing that the mosaic spread is not the only origin of peak broadening; -GaAs crystals grown by Czochralski method show mosaicity up to 30 arcseconds and good diffraction efficiency up to energies of 500 keV. The use of thermal treatments as a possible method to increase the mosaic spread is also evaluated.
INTRODUCTION
For focusing hard x-rays in the 100-1000 keV energy range for x-ray astronomy Laue lenses have been proposed, where the focusing elements are made of single mosaic crystals (see for example N. Barrière et al. 1 ). Mosaic crystals are needed in order to increase the energy bandpass and the angular acceptance with respect perfect crystals. In fact, according to the dynamical theory of x-ray diffraction the intrinsic width of diffraction Δϑ for a perfect crystal is: 
valid for small Bragg angles, in which r e is the classical electron radius, V is the crystal cell volume, d is the lattice spacing, and F H is the structure factor of the chosen diffraction. It is easy to see that in the case of Ge 400 diffraction at an energy of 500 keV equation (1) gives a full width at half maximum (FWHM) of 0.06 arcseconds, an angular range too narrow with respect to the required angular acceptance.
Suitable crystals to be used for Laue lenses should have a mosaicity ranging between 30 arcseconds and 1-2 arcminutes, depending on the lens focusing distance and the resolution needed. In the past germanium and copper crystals, often employed as monochromators for neutrons, have been considered. Germanium is normally grown dislocation free or with dislocation densities of the order of 10 3 disl/cm 2 , not far from the condition of perfect crystal, so that methods to introduce dislocations have been proposed (Courtois at al.
2 ). Copper crystals with mosaicity from 30 to 60 arcseconds have been grown at ILL (Courtois et al. 3 ), but the crystal uniformity is still an open issue.
For all the materials proposed there is no well established method to grow crystals with a controlled and reproducible low degree of mosaicity between a few tens of arcseconds to a few arcminutes, still having uniform crystals.
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In order to investigate alternative materials to Ge and Cu, to enlarge the range of achievable mosaic spreads, and to compare them, we have analyzed GaAs, Cu, CdTe, and CdZnTe as possible mosaic crystals for hard x-ray astronomy.
EXPERIMENTAL AND DISCUSSION

Crystal growth
CdTe and CdZnTe indium doped crystals were grown by the boron oxide vertical Bridgman technique 4, 5 . This technique is basically a vertical Bridgman, but the growth ampoule, in spite of being sealed, is open. A layer of boron oxide prevents the evaporation of the elements during the growth. The diameter of the ingots grown at IMEM is 2-inches and the length is about 7 cm. Large single crystal regions were obtained by growing with this technique 5 .
The GaAs crystals were cut from Liquid Encapsulated Czochralski grown ingots. The crystals were grown in a high pressure puller (LPAI Galaxie Model). The main growth parameter for all runs were: a boron oxide thickness of 15 mm, an argon counter pressure of 20 atm, a thermal gradient at solid/liquid interface in the range of 30-50 °C, a pulling rate of 10 mm/h with <100> as the growth direction. Other details of the GaAs growth procedure are reported in C. Ferrari et al. 6 .
Cu crystals for the preparation of neutron monochromators have been grown at ILL Institute in Grenoble, France. Large ingots of 25 cm in length and 8 cm in diameter can be grown with uniform mosaic spread close to 30 arcseconds. Details of the crystal growth can be found in Courtois et al. [2] [3] . The sample analyzed was a 200 oriented 6 mm thick Cu crystal.
X-ray characterization
All the crystals have been characterized by high resolution x-ray diffraction, by means of an X'Pert Pro Philips diffractometer. After a Bartels Ge 220 four crystal monochromator, the x-ray beam from the CuKα 1 line at 8.04 keV had a final divergence of 12 arcseconds and a wavelength dispersion Δλ/λ=10 -4 . The beam size was approximately 1 mm in the horizontal scattering plane and several millimeters in the vertical direction. The mosaic spread σ was calculated from the FWHM exp of the diffraction peak and the instrumental broadening σ instr by assuming Gaussian profiles:
The samples have been also measured in transmission Laue geometry at x-ray energies up to 700 keV at the ID15A beamline at European Synchrotron Radiation Facility in Grenoble, France. A monochromatic beam from the synchrotron is obtained by two parallel Ge 711 monochromators bent on the Rowland circle to get a sharp monochromaticity between about 120 and 700 keV with a fixed exit. The 220 transmission diffraction peak was measured in the GaAs and CdTe crystals and the 200 peak in the same geometry in the Cu sample. A 1x1 mm 2 beam size was selected by slits. Figure 1 . Mosaic spread measured by x-ray diffraction for CdTe (black squares), GaAs (blue triangles), and Cu (red dots) at 8 keV (reflection Bragg geometry) and 120, 200, 300, 400, 500 keV (transmission Laue geometry).
CdTe crystals
A 1 mm thick CdTe sample was cut from a monocrystalline portion of a CdTe ingot. It is in fact well known that CdTe ingots are usually made of several grains which are formed during the growth 7 . As seen in Figure 1 (black squares) there is a slight decrease of FWHM from 11 to 6 arcseconds in an energy range from 8 to 400 keV. The high density of CdTe material makes it a good candidate as optical element for high energy x-rays, but the mosaicity value seems too low. In Figure 2 the FWHM at 120 keV taken in different points of the sample is shown. The large non uniformity in an interval of 8 mm, probably due to the presence of a low angle grain boundary, is evident. White beam or double crystal x-ray topographs performed on similar CdTe and CdZnTe samples clearly showed the presence of low angle grain boundaries as evidenced in Figure 3 . 
Cu crystals
In a 16 mm wide Cu monocrystal the FWHM of the 002 diffraction profile was measured at 8 keV as a function of the position (Figure 4 ). Despite the sample was obtained by a large ingot by a wire saw at a very low speed surface exhibits FWHM of the order of several degrees. Only after a very deep (> 200 μm) etching with HNO 3 the FWHM values of 150 arcseconds, quite constant in a range of several millimeters, are recovered. In Figure 1 the dependence of FWHM with energy is also reported (red dots). The measurement at 8 keV is in reflection mode whereas the measurements from 120 keV to 500 keV are in transmission mode. The reason of the decrease of the FWHM with the increase of energy is not completely clear, but this effect indicates that the peak broadening is not only determined by mosaic spread, that should be independent from the energy. A similar behavior was observed in Au crystals by Barrière et al. 1 . A possible origin of the peak broadening could be the peak width Δϑ given by the grain size according to the Scherrer formula:
where d is the lattice spacing, D is the crystallite size, λ is the x-ray wavelength, and ϑ B is the Bragg angle. This formula suggests that at low energy the peak broadening due to grain size can be dominant, whereas this contribution is reduced at high energy and the true mosaic spread is more relevant. A variation of the FWHM by increasing energy was indeed observed in all the materials analyzed here, but this effect was by far more evident in Cu rather than in the other samples. This can be dependent on the poorer crystallographic quality of Cu crystals connected to a lower grain size with respect to CdTe and GaAs crystals. 
GaAs crystals
Several GaAs crystals grown by the encapsulated Czochralski method have been measured. The summary of the results obtained at 8 keV energy is reported in Table 1 . Depending on the doping level mosaic spreads from a few arcseconds for Si doped crystals to 20-24 arcseconds for As doped or undoped GaAs are obtained. In Figure 1 the variation of the FWHM with energy for the sample LPA 190 is also reported (blue triangles). As in the case of Cu, a slight decrease of the FWHM with increasing energy is also seen, but much less relevant than in the case of Cu crystals. This is interpreted as due to the larger grain size and crystal quality than in the case of Cu crystals, so that the FWHM is less influenced by the grain size.
Annealed GaAs crystals
In all the analyzed GaAs crystals the mosaicity values at high energy rarely exceed 15 arcseconds, whereas for focusing distances of the order of a few tens meter and crystal dimensions of the order of 1 cm 2 an acceptable value of the mosaicity would be between 30 and 60 arcseconds approximately. We then tried to increase the defect density and then the mosaicity values of the as-grown GaAs crystals by thermal treatment.
Thermal treatments are largely employed to improve the properties of as-grown GaAs crystals. For example, by properly annealing GaAs crystals it is possible to dissolve arsenic precipitates that typically decorate dislocations in As-rich material 8 . However, it was shown that under particular conditions, the treatments can lead to an increase of dislocation density 9, 10 . The mechanism of generation of dislocations is essentially based on the presence in the material of high thermal gradients. The dislocation density increase is usually an undesired effect, because dislocations create electronic defects acting as recombination centers for non-equilibrium carriers. For these reasons, optimal conditions for the thermal treatments of GaAs crystals were calculated 11 . Table 1 . Data of the GaAs samples analyzed by x-ray diffraction. The number in the Slice column indicates the wafer position in centimeters from the top of the ingot. On the contrary, we tried to use thermal treatments to increase the dislocation density, thereby to increase the FWHM of the rocking curves of our samples. In particular, our idea was to tailor the thermal treatment in order to increase the mosaicity of a sample by a fixed quantity. For this reason, we decided to carry out the thermal treatments directly on the tiles to be mounted in a typical Laue lens. The dimensions of the tiles were 15x15x3 mm 3 . The major surfaces are <0 0 1> oriented, while the lateral ones are cut along the directions <1 1 0> and <1 -1 0>. Before the thermal treatments all the samples were etched in order to remove the damage at the surface due to the cutting procedure (at least 50 μm for each surface). After that, the rocking curve was determined (usually in several positions). The thermal treatments were carried out in a tubular horizontal furnace. The samples were charged inside a quartz ampoule sealed under vacuum. An appropriate quantity of arsenic was also introduced in the ampoule with the aim to prevent the decomposition of the sample at high temperature. The parameters (temperature, duration, cooling rate) are summarized in Table 2 .
GaAs crystal
After the thermal treatments in all the samples investigated we observed an increase of the width of the diffraction peak measured at 8 keV. To verify that the thermal treatment is effective in the whole crystal and not only on the surface of the crystal, we have removed by etching several micrometers of crystals and measured again the FWHM. The results summarized in Figure 5 show in fact that the thermal treatment mostly influences a surface layer. After removing several microns of material the FWHM go back to values very close to that of the untreated materials. Figure 5 . FWHM measured in different positions of a GaAs sample before (black squares), after the annealing at 1150 °C (red dots), and after a deep etching to remove 50 μm of crystal (blue triangles).
CONCLUSIONS
After an extensive investigation of CdTe, CdZnTe, GaAs, and Cu crystals to obtain mosaic crystals for hard x-ray astronomy we can exclude for this application CdTe and CdZnTe crystals. At the present state of the art even the best crystals present low angle grain boundaries that are not compatible with the required crystal uniformity.
The copper samples considered, prepared at ILL (Grenoble, France) for the preparation of monochromators for neutrons are suitable for mosaicity values between 30 to 120 arcseconds. An unexpected dependence of the FWHM on the x-ray wavelength was observed in the range between 8 to 500 keV, not seen in other crystals. We suggest that this effect can be related to the average grain size much lower in copper than in CdTe and GaAs crystals.
Czochralski grown GaAs crystals, a material which always shows a moderate degree of mosaicity even in the best crystals, exhibit mosaic spread from a few arcseconds to 20-25 arcseconds measured at 8 keV. The best samples are heavily As doped (10 20 /cm 2 ) or undoped GaAs crystals. A good uniformity was also measured in a range of several centimeters. The observed FWHM is quite constant in the 8 to 400 keV energy range.
Annealing at high temperature, quenching and surface damage were also considered as possible methods to extend the range of crystal mosaicity. The removal by etching several of several tens microns recovered the FWHM measured in the untreated samples, demonstrating the limitation of the thermal treatment to the surface of the samples.
